Objective: The aim of our study was to determine, how severe calorie restriction in anorexia nervosa (AN) 
Introduction
Anorexia nervosa (AN) is an extreme form of dietary calorie restriction. As a result of long-term starvation, cachexia, endocrine disturbances and severe amenorrhoea develop. In the terminal phase of the disease, severe infections occur and may lead to death (Birmingham et al., 2003; Brown et al., 2005) .
Interestingly, AN patients are well protected against infections for a long time (Marcos et al., 2003) . Several data support that during the initial and mid-phase of AN only CD8 þ lymphocytes (cell type responsible for cell-mediated immunity) are affected, whereas the function of CD4 þ lymphocytes (conductors of the immune response) are maintained for a long time (Mustafa et al., 1997) . From this point of view, immune system in AN is strikingly different from that in other forms of starvation (Marcos, 2000) .
Currently, the most widely accepted explanation for this apparent contradiction is that nutrients essential for the immune systems such as vitamin and protein supplies are relatively adequate in AN (Nova et al., 2001) . However, no studies have been performed to elucidate whether there are other compensatory regulatory mechanisms in the cellular network around CD4 þ cells that counteract the deleterious effects of diet restriction in AN.
Possible candidates are CD4 þ CD25 þ regulatory T cells (Tregs), which play a central role in the regulation of CD4 þ cell, as they inhibit the proliferation and function of CD4 þ lymphocytes (Baecher-Allan et al., 2004) . In AN, several factors having a documented impact on Tregs are simultaneously present and may exert opposite effects on Tregs. Low estrogen production may result in impaired Treg cell development (and, therefore, increase of CD4 þ proliferation and function). On the other hand, hypercortisolemia and low leptin levels in AN may favor the proliferation of Tregs (and, therefore, decrease of CD4 þ function) as observed in other conditions (Karagiannidis et al., 2004) and (Matarese et al., 2005) . The function of macrophages and dendritic cells, potent antigen presenting cells (APCs) that modulate Tregs induction, may also be affected in conditions with severe calorie restriction.
The aim of our study was to get an insight into Tregs and their cellular networks in AN adolescents to find out whether Treg cells are affected in this peculiar disease.
Patients and methods

Patients
We investigated 21 Caucasian patients (19 females and 2 males). Patients were heterogeneous in terms of disease severity and duration, but all of them met full criteria for AN in the Diagnostic and Statistical Manual of Mental Disorders (refusal to maintain a body weight at or above a minimally normal weight for age and height; intense fear of becoming fat or gaining weight, disturbed body image, denial of the seriousness of the current low body weight and amenorrhea in postmenarcheal females). Sampling was done at the initiation of psychotherapy. A total of 19 healthy subjects of comparable maturity, age-and gender-matched were enrolled as controls.
At the time of sampling, each subject was free of infection. None of the subjects took nutrient supplements within 1 month and was vaccinated within 6 months before sampling.
Anthropometric data and clinical characteristics are summarized in Table 1 . Informed consent has been obtained from all patients and caregivers.
Methods
Preparation of peripheral blood mononuclear cells Peripheral blood mononuclear cells (PBMCs) were separated by a standard density gradient centrifugation (Ficoll Paque, Amersham Biosciences, Uppsala, Sweden, 25 min, 400 g, 221C) from 10 ml freshly drawn peripheral venous blood collected in lithium heparin-treated tubes. PBMC contained in the interphase were washed twice in phosphate buffer saline (PBS) and stored in 10% (vol/vol) dimethoxy sulfoxide (DMSO) in fetal calf serum (FCS) at À801C until analysis. After thawing, the cells were washed twice in PBS and their viability was assessed by trypan blue exclusion.
Intracellular FoxP3 measurement for the detection of Tregs
For the analysis of Foxp3 expression at the single-cell level, cells were first stained for the expression of CD4 and CD25 surface molecules with antiCD4APC (PharMingen, San Diego, CA, USA) and antiCD25FITC (PharMingen, San Diego, CA, USA), respectively. Cells were fixed and permeabilized based on the manufacturer's recommendations (eBioscience, San Diego, CA, USA).
Determination of the proportion of dendritic cells
Dendritic cells (DCs) were enumerated in PBMCs using a four-color cytometric assay. A total of 2-5 Â 10 5 cells were PBMCs in 1 ml culture medium were stimulated with lipopolysaccharide (LPS) at a final concentration of 1 mg/ml and incubated for 4 h at 371C, in humidified 5% CO 2 atmosphere. Cells were then washed with FACS staining solution and stained with anti-CD14 PerCP (PharMingen, San Diego, CA, USA) mAb, then fixed and permeabilized by Perm2 solution (PharMingen, San Diego, CA, USA) for 20 min at room temperature in the dark. Cells were centrifuged, and the supernatant was decanted. Cell pellets were then resuspended and incubated with mAbs (antitumor necrosis factor a (TNF-a) FITC (PharMingen, San Diego, CA, USA) and anti-interleukin 12 (IL-12) APC (PharMingen, San Diego, CA, USA)).
Investigation of regulatory T cells in anorexia nervosa
Intracellular cytokine staining of CD4 þ cells For activation, PBMCs were washed and re-suspended at 2 Â 10 6 cells/ml in fresh Rosewell's Park Memorial Institute media-1640 culture medium containing 10% heat inactivated FCS. Activation was performed in the presence of brefeldin A (BFA) (Sigma, St Louis, MO, USA); 50 ng/ml phorbol-12-myristate-13-acetate (Sigma, St Louis, MO, USA) and 1 mg/ml ionomycin (SIGMA, St Louis, MO, USA) were used for 4 h at 371C, 5% CO 2 for activation. Unstimulated samples were prepared in parallel, with the sole addition of BFA. Stimulated and unstimulated cells were incubated with the monoclonal antibody against CD4 PerCP (PharMingen, San Diego, CA, USA) for 30 min in the dark. The samples were washed with FACS staining solution. Then cells were permeabilized and stained as described above. The monoclonal antibodies used were mouse antihuman IFN-g-FITC, anti-IL-2-FITC, anti-IL-4-PE from PharMingen (San Diego, CA, USA).
The analysis was performed on a BD FACSAria flow cytometer. At least 10 000 cells were analyzed, and the data were processed using the FacsDiVa software. The analysis was directed for the co-expression of CD4 antigens with the various cytokines. The lymphocytic population was initially defined in a forward (FSC) and side scatter (SSC) gate. A second gate (logical) was then created around the CD4 þ cells to exclude monocytes from the analysis in a CD4 versus SSC dot plot. The percentages of cytokine-producing cells were calculated in the total CD4 þ subpopulation and not in the total T-cell population.
Statistical analysis
Data are expressed as median, range. Comparisons between two sample populations were made with Mann-Whitney U-test; P-values less than 0.05 were considered significant. Spearman's correlation was used for testing the association between immune parameters and age, disease duration and body mass index (BMI) in AN patients. Statistics were calculated using the R software (R Development Core Team, 2005). Table 1 summarizes our results. We found similar prevalence of Treg cells in AN patients and healthy controls. Similar prevalence of DCs, TNF-positive monocytes and IL-12-positive monocytes was detected in both group; the ratio of plasmacytoid and myeloid DCs was somewhat higher in AN patients (P ¼ 0.075). IL-4 and IFN-g production of CD4 þ cells was also similar in AN and controls, whereas the ratio of activated (IL-2 positive) cells was lower in AN (Po0.05). None of the immune parameters correlated with age, disease duration and BMI.
Results
Discussion
During the past decade, an increasing number of evidence has been collected about the role of Tregs in human disease (Baecher-Allan et al., 2004) . These cells are responsible for the peripheral tolerance against antigens as they suppress the proliferation and function of lymphocyte cells. Several data suggest that reduced number of Tregs leads to enhanced lymphocyte-effector function, moreover, increases risk of autoimmunity (Chatila, 2005; Dejaco et al., 2006) . On the other hand, increased number of Tregs associates with reduced lymphocyte effector functions, thus with an increased risk of infection (Belkaid and Rouse, 2005) .
In AN, the function of Tregs is still unclear. In this study, we hypothesized that quantity of Tregs is affected via calory restrictions and the altered proportion of Tregs may contribute to and help the preservation of CD4 þ cell functions at severe calorie restriction. Indirect clinical data, Investigation of regulatory T cells in anorexia nervosa B Pászthy et al that is, relative protection of AN patients against infection supported this idea (Marcos, 2000) . To test cellular network of Tregs, we determined the ratio of these cells in anorexic and healthy adolescents. We also made efforts to collect data about APCs that might modulate Tregs' induction (cytokineproducing ability of the monocytes and prevalence of dendritic cells) and about the function of CD4 þ cells, the primary target of Tregs.
Tregs have been long considered as CD4 þ CD25 þ cells; however CD25 þ is an activation marker and its expression on naive or memory cells may be induced through infection. Recently, FoxP3, a nuclear transcription factor, was described as Tregs' obligatory cellular marker (Fontenot et al., 2003) . Thus, the prevalence of Tregs was determined according to their FoxP3 positivity instead of CD4 þ CD25 þ phenotype.
In this preliminary study, we could not detect any alteration in the proportion of Treg cells in AN: the prevalence of Tregs in AN patient is in the same range as in the healthy individuals. We can only speculate about the explanation as to why Tregs are unaffected in a disorder with marked hormonal disturbances and nutritional deficiencies. However, these alterations may be opposite in terms of their impact on Treg cells. An attractive hypothesis may be that enhancing and inhibiting factors neutralize each other's effect on Treg cells.
Out of the numerous cells possibly influencing Treg cell development, we tested two potent APC cell types, potentially influencing Treg generation: monocytes and DCs. (DCs function as immunological sentinels in vast majority of tissues and represent an important mediator between mechanisms of innate and adaptive immunity (Ardavin, 2001 ). These cells are professional APCs which have been shown to influence Treg-cell induction (Groux, 2004; Moseman, 2004) . In humans, there are at least two types of circulating DC precursors present in blood-plasmocytoid and myeloid dendritic cells.)
Our hypothesis that APC function may be parallel to Tregs is based on a number of experiments. In starving animals, the impairment of macrophage function has been detected (Redmond et al., 1991; Honda et al., 1995; Stapleton et al., 2001) . Studies also showed that APC capacities of macrophages are decreased during nutritional deficiencies. Another experiment in rodents demonstrated a relationship between dietary lipid consumption and DC number in adipose tissue (Mattacks et al., 2004) . The effect of DCs on Tregs is also influenced by nutrients such as antioxidant vitamins (Tan et al., 2005) . Interestingly, in spite of these experimental data, the function of monocytes and DCs has not been investigated in AN.
First we determined DC ratio. Using a four color flow cytometric assay, we quantified both major types of DCs, plasmacytoid and myeloid DCs in PBMC of AN patients and healthy controls. We found no significant difference between the two groups in the relative numbers or ratio of the two subtyptes of DCs, although there was a tendency to decreased numbers of myeloid DCs and higher numbers of plasmacytoid DCs in anorectic patients. Although this tendency seems to be of no clinical significance in our patients, it may present some impact of starvation on DC function; possibly in another population with a longer history and/or a more severe stage of anorexia the difference may be more pronounced.
In addition to DCs, we investigated TNF-a and IL-12 cytokine production of monocytes. Monocytes/macrophages belong to professional APCs and to early effectors of innate immunity. In response to bacterial components like LPS, they react with production of large amounts of inflammatory cytokines as TNF-a and IL-12. We tested this important activation capability of LPS-stimulated monocytes in our cohort by measuring the intracellular accumulation of TNF-a and IL-12. Again, we found no significant differences between AN patients and controls in the ability of monocytes to respond to LPS. These findings suggest that the relationship between APC and Treg cells is basically unaffected in AN.
Treg cells inhibit the function of CD4 þ cells, reduce their proliferation and cytokine-producing ability. As our patients were severely anorectic, and cachexia ultimately leads to impaired lymphocyte function, we had to evaluate the cytokine-producing capacity of CD4 þ lymphocytes. For this purpose, we measured three different cytokines: IFN-g to test Th1 CD4 þ lymphocytes, IL-4 to test Th2 CD4 þ lymphocytes and IL-2 to obtain data about proliferation capacity. It is noteworthy that our study is the first presenting data about the cytokine-producing ability of CD4 þ cells in AN; the available data are about cytokine production of unspecified PBMC or cytokine plasma levels.
So far contradictory data are available concerning the cytokine levels in AN patients. The majority of studies found increased levels of pro-inflammatory cytokines in sera of AN patients, wheras others observed normal or lower than normal cytokine levels (Corcos et al., 2003) . Similarly, conflicting data are available about cytokine-producing capacity of PBMCs (Schattner et al., 1990; Nagata et al., 1999; Nova et al., 2002) . Potential explanation for this apparent contradiction may be the different type of study 'material' -PBMCs and plasma cytokine levels are not informative about the functionality of individual cell types, rather they indicate a mixed effect of the underlying condition. Our finding is that IFN-g and IL-4 production of CD4 þ cells are normal, and an in line with other observations that Th1/Th2 ratio is not skewed in AN and these cells do not contribute to any of the reported alterations in plasma cytokine levels. Interestingly, IL-2 production was somewhat impaired in AN suggesting that severe and longterm calorie restriction may still have some impact on reactivity and proliferation capacity of CD4 þ cells. Our results, however, evidenced that altered activity of CD4 þ cells is not owing to Treg dysfunction.
In summary, we found that the proportion of regulatory T cells is not altered in anorexia nervosa. Furthermore, our investigations did not reveal any abnormality in the number of APCs conditioning the Treg differentiation. This finding is likely independent of patients' age, disease duration or BMI as none of these factors correlated with any of the immune parameters. Our preliminary results suggest that the APC-regulatory T cell -CD4 þ lymphocyte axis is not affected by calorie and nutritional deficiencies observed in anorexia nervosa.
